A new triple cooperative and relay catalysis system featuring the Mannich addition followed by C-C construction and oxydehydrogenation is described. The zirconocene dichloride and trimellitic acid synergic catalysis triggered the Mannich addition and C-C bond construction reactions, while CuO allowed relay catalysis for oxydehydrogenation. This novel strategy demonstrated superior activity for the synthesis of substituted quinolines from commercially available anilines, aldehydes and ketones. The corresponding substituted quinolines were synthesized with 32 examples in 90-96% yields under mild reaction conditions. A novel zirconocene-Brønsted acid complex, generated in situ and acting as an active catalyst, was validated from the mechanistic studies.
Introduction
Relay catalysis reactions are the one-pot multi-catalysis cascade reactions in which each catalytic system promotes one type of transformation in a consecutive fashion. The strategy of relay catalysis obviates the requirement of isolation and purication of products resulting from the each independent transformation. More importantly, the advent of one-pot orthogonal relay catalysis reactions made intricate organic syntheses feasible, which were inaccessible and inefficient by the classical step-wise catalysis. However, establishing such processes need to overcome a number of challenging issues, such as the chemo selectivity and the compatibility between the catalytic systems. The combined metal/metal and metal/organo catalyst dual catalysis are potential kinds of relay catalysis that has stimulated intensive interest in recent years. A number of signicant reactions have been developed using metal/metal relay catalysis including Au/Ni, 1 Au/Ag, 2 Au/Yb, 3 Au/Sc, 4 Ru/Pd/Cu 5 and Pd/Ag/ Bi 6 catalyst systems. Regarding to the metal/organo relay catalysis, the metal-Brønsted acid based systems have contributed largely.
7-12 The metal catalysts such as Au, Rh, Pd, Ag and Ru are used in combination with a variety of Brønsted acids. In this context, the development of divergent relay catalysis approaches employing new catalysts is highly desirable.
The cascade reactions for the Mannich reaction followed by the C-C or C-N bond formation are of highly appealing (Scheme 1). This is because such kind of reactions could construct these fundamental bonds of organic molecules in a single step. In literature, two divergent synthetic procedures with such cascade reaction were available. In 2010, Shin 13 discovered an one pot redox-pinacol-Mannich-Michael cascade reaction leading to the synthesis of 1-aminoindanes and 5,6-fused azacycles (Scheme 1, eq. a). In this reaction, the gold catalyst rendered the Mannich reaction followed by C-N formation in an intramolecular manner. Very recently, HCl, 14 iodine, 15 CuCl 2 , 16 FeCl 3 (ref. 17) and AgOTf 18 catalyzed three components tandem reactions of anilines, aldehydes and ketones for the construction of multi-functionalized quinoline had been reported (Scheme 1, eq. b). This approach undergone intermolecular Mannich reaction followed by intramolecular C-C bond formation and oxydehydrogenation.
In this paper, combination with the advantages of cascade reaction integrating the Mannich addition and C-C/C-N bond construction, the development of new catalytic systems is highly desirable in organic synthesis. Herein, we report an unprecedented cooperative and relay catalysis by zirconocene dichloride, trimellitic acid and CuO triple catalytic system for the Mannich addition/C-C bond formation/oxydehydrogenation sequence (Scheme 1, eq. c). This triple cooperative and relay catalytic system demonstrated superior activity for synthesis of polysubstituted quinoline from arylamines, aldehydes and ketones under mild condition.
Results and discussion
We choose aniline, benzaldehyde and methyl pyruvate as substrates to optimize the conditions of cascade Mannich addition, C-C bond construction and oxydehydrogenation reaction (Table 1) . At rst, simple copper salts such as CuCl 2 , CuBr 2 , Cu(acac) 2 , Cu(OAc) 2 , CuSO 4 $5H 2 O, CuO, Cu(OTf) 2 and Cu(ClO 4 ) 2 were used as catalysts in the presence of both Cp 2 -TiCl 2 and PhCOOH (Table 1 , entries 1-8). Among these metal salts, CuO was found to be the most effective catalyst and the desired product 4aa was obtained in 31% yield (Table 1, entry 6 ). Other commercially available metallocene complexes such as Cp*TiCl 3 and Cp 2 ZrCl 2 were also used as Lewis acid catalysts for the three-component sequence reactions, which demonstrated that Cp 2 ZrCl 2 was the best catalyst for this transformation (Table 1 , entries 9 and 10). In light of our previous ndings that salicylato-titanocene complexes and phenols-titanocene complexes function as organometallic Lewis acids, 19 a selection of oxygen donor ligands such as phenol and benzenesulfonic acid were evaluated in the reaction of aniline, benzaldehyde and methyl pyruvate (Table 1 , entries 11 and 12). None of them provide satisfactory results, which suggested that monofunctional acids were unsuitable for this three-component cascade reaction. With the assistance of o-aminobenzoic acid, salicylic acid and phthalic acid, the Zr catalyst was slightly activated and the tandem reaction afforded desired product with 41%, 42% and 47% yields, respectively (Table 1, entries [13] [14] [15] . When glutaric acid and proline were introduced into this triple catalytic system, the desired products were obtained in 29% and 28% yields (Table 1, entries 16 and 17) . The above results indicated that the aromatic diacids show up higher activity than the aliphatic diacids and amino acids. We hypothesized that higher activity of this catalytic system could be achieved by employing multifunctional acids such as 2-aminobenzene-1,4-disulfonic acid, trimellitic acid and 5-sulfosalicylic acid (Table 1, entries 18-20) . To our pleased, trimellitic acid is the most potent catalyst among the three multifunctional aromatic acids, which promotes the reaction to afford the desired product in 54% yield, higher than 5-sulfosalicylic acid and 2-aminobenzene-1,4-disulfonic acid. When the reaction time extended to 2 h, the yield increases to 88%, but the yield increased slightly with further extension of the reaction time (Table 1, entry 21) . Aer an extensive screening of the reaction parameters (see the ESI †), the best yield of 4aa was obtained when reaction was performed in i-propanol/water (3 : 1) at 60 C.
With the optimal reaction conditions in hand, we set out to expand the generality and scope of Cp 2 ZrCl 2 , trimellitic acid and CuO catalyzed three-component cascade reaction. 1 mmol aldehyde, 1.1 mmol of anilines and 1.5 mmol of ketones with 5 mol% of Cp 2 ZrCl 2 , 5 mol% of trimellitic acid, 5 mol% of CuO at 60 C for 2 h were operated as the typical selection. It is found that the reaction proceeded smoothly with aldehydes and aromatic amines bearing either electron-withdrawing or donating groups ( Table 2) . The substituents with different electron properties has little impact on this transformation, such as anilines containing methyl (4ab), methoxyl (4ac) or uorous (4ai) group, benzaldehydes with methyl (4ak), i-propyl (4al), t-butyl (4am) or methoxyl (4ad) group and pyruvate with methyl or ethyl group. Aniline with methyl (4ab) and methoxyl (4ac) substituents led to the excellent results (90-91%), when benzaldehyde and methyl pyruvate were used. The p-substituents of anilines were changed from methyl (4ae), i-propyl (4af), t-butyl (4ag) to methoxyl (4ah) reacted with 4-methoxybenzaldehyde and methyl pyruvate, the yields of the condensation reaction were 93-95%. Under the similar condition, treating 4-uroaniline and benzaldehyde with methyl pyruvate afforded the substituted quinoline (4ai) in 90% yield. Benzaldehydes with methoxyl (4aj), methyl (4ak), i-propyl (4al) or tbutyl (4am) substituents obtained 92-94% yields when they reacted with 1-naphthylamine and methyl pyruvate, which provided a convenient route for the construction of tricyclicquinolines. Aliphatic aldehydes such as cyclohexanecarbaldehyde was also readily introduced into this reaction, reacted with 1-naphthylamine or 4-methoxy aniline and methyl pyruvate afforded the desired products (4an, 4ao) in 91% and 90% yields, respectively. Heterocyclic furfuraldehyde afforded the desired product in 91% yield (4ap). 1-Naphthaldehyde reacted with aniline and methyl pyruvate or ethyl pyruvate under standard conditions afforded the multiply substituted quinolines in 92% and 91% yield (4aq and 4ar). As expected, m-substituted aniline and aldehyde (4as) produced desired quinoline in 92% yield. Gratifyingly, the sterically hindered ortho-substituted anilines (4at) still furnished the desired product in more than 90% yield.
The zirconocene dichloride/trimellitic acid/CuO cooperative and relay catalytic system was successfully applied in the threecomponent coupling sequence reaction of aliphatic ketones and aromatic ketones under the optimized conditions ( Table 3 ). The reaction results had not signicantly effected by aliphatic ketones. The catalytic sequence reaction of 2-butanone with benzaldehyde and 1-naphthylamine afforded the products (4bb) in 93% yields, whereas other chain ketones including 2-pentone, 2-hexanone and 2-heptanone afforded 2,4-substituted quinolines in 91-93% yield (4bd), (4be), (4bf). Cyclic ketones such as cyclohexanone (4bg) was also readily introduced into this reaction, the desired product being formed with yield of 96%. Various halogens, such as uorine, chlorine, bromine, iodine and electron-donating groups such as methyl were all tolerated in this reaction, afforded the products with 91-94% yields (4bh, 4bi, 4bj, 4bk and 4be). This triple cooperative and relay catalytic system were also applied in the three-component cascade reaction of aromatic ketone, such as anilines, benzaldehyde reacted with acetophenone afforded 2,4-diphenylquinoline in 90% and 91% yield(4bl and 4bm), albeit with longer reaction time (12 h). To our pleased, chain aldehyde can also be used as substrate for this reaction afforded 6-methoxy-4-ethyl-2-propylquinoline in 90% yield with 12 h(4bn). More importantly, this cooperative and relay catalytic system for synthesis of substituted quinoline could be easily scaled up and the desired disubstituted quinoline was obtained in 92% yield (Scheme 2).
To get more information about the reaction mechanism, several control experiments (Table 4 ) and parallel experiment (Scheme 3) were set up under the standard conditions. The three components cascade reaction of aniline, benzaldehyde and methyl pyruvate without catalyst or with 5 mol% CuO did not get the desired product at 60 C for 2 h (Table 4, entries 1 and 2). In the presence of 5 mol% trimellitic acid, threecomponent sequence reaction afforded the desired quinoline in 14% yield (Table 4 , entry 3). With addition of 5 mol% Cp 2 -ZrCl 2 in the reaction only obtained 17% yield of quinoline (Table 4 , entry 4), which eliminated the possibility that i-propanol or water coordination with zirconocene dichloride released HCl promotes this reaction. With the assistance of 5 mol% Cp 2 ZrCl 2 and 5 mol% trimellitic acid, the desired product was isolated in 44% yield (Table 4 , entries 5). Adding 5 mol% CuO into this catalytic system, the yield of 4-methoxycarbonyl-2-phenylquinoline was up to 92% (Table 4 , entry 6). It is clear that the high efficiency of the coupling sequence reaction should not be attributed to zirconocene dichloride, trimellitic acid or CuO individually. We proposed that the cooperation of zirconocene dichloride, trimellitic acid and the relay of CuO, resulted in the efficient cooperative and relay catalysis. The control experiments using 10 mol% HCl afforded the substituted quinolines in 10% yield, indicating HCl was not catalytic species (Scheme 3a). This control experiments and parallel experiment indicated that zirconocene dichloride and trimellitic acid demonstrated good compatibility with CuO in three components cascade reaction, which presented a new cooperative and relay catalysis system for synthesis of multiply substituted quinolines from anilines, aldehydes and ketones. NArylimines and methyl pyruvate under the standard condition also afforded the desired product in 92% yield (Scheme 3b), which indicated that the imine was rstly formed in this reaction, followed by Mannich addition and cyclization. 
Conclusions
In summary, we have developed a triple cooperative and relay catalysis system that the combination of organometallic Lewis acids and Brønsted acids with metal were developed for threecomponent cascade Mannich addition/C-C formative cyclization/oxidation reaction. The green syntheses of substituted quinolines were achieved from readily available anilines, aldehydes and aromatic or aliphatic ketones in good to excellent yields. 1 H NMR and HRMS analysis unveiled that Cp 2 Zr(OOC) 2 PhCOOH was catalytic specis, which signicantly accelerated the condensation of aldehydes, anilines and ketones into dihydroquinolines with i-propanol and water as solvent. Meanwhile, CuO catalyzed oxydehydrogenation of dihydroquinolines to generate quinolines.
Experimental

General methods and materials
All manipulations were performed in an atmosphere of air. All reagents were purchased from the commercial approaches and used without further purication unless specied otherwise. and analytical thin layer chromatography was carried out using 250 mm commercial silica gel plates. Visualization of the developed chromatogram was performed by UV absorbance and stained with an iodine vapor.
Typical procedures for synthesis of substituted quinolones
A 10 mL test tube equipped with a magnetic stirrer and a septum, was charged with aldehyde (1.0 mmol), amine (1.1 mmol), and the ketone (1.5 mmol) in one portion. Cp 2 ZrCl 2 (0.05 mmol, 5 mol%), CuO (0.05 mmol, 5 mol%) and trimellitic acid (0.05 mmol, 5 mol%) were stirred in i-PrOH : H 2 O (3 : 1) 0.5 mL. The reaction mixture was heated to 60 C and stirred until the reaction was completed as indicated by TLC, then the reaction mixture was quenched with distilled water (5.0 mL). The aqueous phase was extracted with dichloride methane (3-5 mL), dried over Na 2 SO 4 and concentrated in vacuo to give the crude product. The crude product was puried by ash column chromatography on neutral silica gel (ethyl acetate:petroleum ether). Full experimental details and characterization data for all quinolines product are included in the ESI. † 4-Methoxycarbonyl-2-phenylquinoline (4aa 
